Abstract. Although norepinephrine transporter (NET) inhibition has an additional effect on mopioid receptor (MOR)-mediated anti-nociception in inflammatory and neuropathic pain, its effect on cancer pain is not well characterized. We investigated the additional effect of NET inhibition on MOR activation using a mouse femur bone cancer (FBC) pain model by comparing the antinociceptive effect of the dual-acting opioids tramadol and tapentadol and the clinically used MOR-targeted opioids oxycodone and morphine. The anti-nociceptive effects of subcutaneously administered opioids were assessed using the von-Frey filament test. Oxycodone (1 -10 mg/kg) and morphine (5 -50 mg/kg) dose-dependently exhibited potent anti-nociceptive effects, whereas tramadol (10 -56 mg/kg) and tapentadol (10 -30 mg/kg) exhibited partial effects. Rota-rod analyses of tapentadol at a higher dose (> 30 mg/kg) showed a significant decrease in motor coordination, which was partially recovered by pretreatment with MOR or a 1 -adrenoceptor antagonists. The partial anti-nociceptive effect of tapentadol (30 mg/kg) was completely suppressed by a MOR antagonist, but not by a 1 -or a 2 -adrenoceptor antagonists, suggesting that neither a 1 -adrenoceptor-nor a 2 -adrenoceptor-mediated pathways are involved in anti-nociception in the FBC model. We conclude that addition of NET inhibition does not contribute to MORmediated anti-nociception in bone cancer pain.
Introduction
Opioid analgesics are often prescribed to cancer patients based on the World Health Organization (WHO) three-step ladder for pain relief. Clinically used opioids, which selectively act on m-opioid receptors (MOR), are natural (morphine), semi-synthetic (oxycodone), or synthetic (fentanyl). Dual-acting opioids such as tramadol and tapentadol that have MOR agonist activity and inhibit monoamine transporters are also used clinically to control pain. Although the O-desmethylmetabolite [M1] of tramadol and tapentadol show 10-fold lower affinity for MOR than that of oxycodone and morphine, their combined unique profiles of serotonin/ norepinephrine (NE) transporter inhibition (tramadol) or NE transporter (NET) inhibition (tapentadol) in a single molecule additively or synergistically induce anti-nociceptive effects, along with MOR activation (1 -3) . Since many opioid-analgesics are available for relieving severe pain, it is important to understand the individual pharmacological characteristics and differences to relieve pain efficiently.
Cancer is one of the most common disorders associated with severe pain, which is reported in 30% -50% of patients with all types of cancer (4, 5) . In the clinical phase, pain is caused by the cancer itself, progression of cancer, anticancer agents, radiotherapy, and other effects. The underlying pathophysiological mechanism of bone cancer pain is complex. Bone cancer pain is caused by cancer itself and is associated with serious severe pain > 7 on the 0 -10 numerical rating scale (NRS-11) of pain intensity (6) . Bone destruction and fracture in bone cancer induces nociceptive and inflammatory pain. In addition, bone metastasis and bone invasion injures peripheral nerves, which induce neuropathic pain.
Femur bone cancer (FBC) is useful because it closely mimics clinical features of human bone cancer pain (7 -9) . The FBC model is produced by injecting osteolytic sarcoma cells into the intra-medullary space of the mouse left distal femur. Tumor cell growth is correlatively observed with several pain-related behaviors, such as on-going pain, ambulatory pain, and allodynia, considered to be complex pain, followed by neuropathic, nociceptive, and inflammatory pain (10) . Using the FBC animal model, we reported previously that oxycodone inhibits all of the on-going, ambulatory, and allodynia pain related behaviors over a similar dose range, whereas morphine and fentanyl have less effect on ambulatory pain (10) .
Tramadol and tapentadol show potent anti-nociception for mechanical-allodynia induced by diabetic polyneuropathy (DPN) or osteoarthritic (OA)-induced pain via additive or synergistic NET inhibition and MOR activation (3, 11, 12) , although their effects on bone cancer pain have not been defined. Using the FBC model, we examined potency of the NET-inhibiting function of dual-acting opioids along with MOR activation by comparing their anti-nocicepive effects with those of MOR-selective opioids (oxycodone and morphine).
Materials and Methods

Animals
Male C3H/HeN mice (18 -23 g, 5-week-old; CLEA Japan, Tokyo) were used for the FBC pain model. Male Sprague-Dawley (SD) rats (150 -180 g, 5-week-old; CLEA Japan) were used for the partial sciatic nerve ligation (pSNL) model. Male SD rats (160 -180 g, 6-week-old; Charles River Laboratories Japan, Kanagawa) were used for the oxaliplatin-induced peripheral neuropathy model. Animals were housed in a room maintained at 23°C ± 1°C under a 12-h light/dark cycle and allowed access to water and food ad libitum. All animal procedures were approved by the Animal Care and Use Committee of Shionogi Research Laboratories, Osaka, in agreement with internal guidelines for animal experiments and in adherence to the ethics policy of Shionogi & Co., Ltd. (Osaka).
Drugs
Oxycodone hydrochloride and morphine hydrochloride were obtained from Shionogi & Co., Ltd. Tramadol hydrochloride was from AK Scientific Inc. (Union City, CA, USA). Tapentadol hydrochloride was from Haoyuan Chemexpress Co., Ltd. (Shanghai, China). The MORselective antagonist b-FNA was purchased from Tocris Bioscience (Bristol, UK). The a 2 -adrenoceptor antagonist yohimbine and a 1 -adrenoceptor antagonist prazosin were from Sigma-Aldrich (Tokyo). Oxaliplatin was purchased from Wako Pure Chemical Industries, Ltd. (Osaka). Oxaliplatin was dissolved in a 5% glucose solution (Otsuka Pharmaceutical Co., Inc., Tokyo), and all other drugs were dissolved in 0.9% physiological saline (Otsuka Pharmaceutical Co., Inc.). Yohimbine, prazosin, and b-FNA were administrated at 5-min, 30-min, and 24-h before administration of opioids, respectively, as described previously (13 -15) . The effects of oxycodone and tapentadol were examined based on the timing of their maximum potency.
FBC model
NCTC 2472 tumor cells (American Type Culture Collection, Manassas, VA, USA) were maintained in Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (Invitrogen), 100 units/ml penicillin, and 100 mg/ml streptomycin (Invitrogen), and cultured at 37°C ± 0.2°C in a humidified atmosphere of 5% CO 2 .
To prepare the FBC model, NCTC 2472 tumor cells were injected as described previously (8, 10) . Briefly, C3H/HeN mice were anesthetized with 3% isoflurane, and left knee arthrotomy performed. Tumor cells (1 × 10 5 in 5 ml Hank's balanced salt solution) were injected directly into the medullary cavity of the distal femur, and the hole drilled in the bone was closed with resin cement (ADFA, Kyoto). In the sham group, 5 ml of Hank's balanced salt solution was injected instead of the tumor cells in the same manner. The effects of opioids were assessed 14 days after tumor implantation, which is the optimal time for evaluation of allodynia in this model (10) . Allodynia-like behavior was recognized as ipsilateral paw withdrawal in response to tactile stimuli using a series of von-Frey monofilaments (pressure: 0.008, 0.02, 0.04, 0.07, 0.16, 0.4, 0.6, and 1 g). The up-down method of the von-Frey monofilament test was used as described previously (10) .
pSNL model
Rats were anesthetized with 3% isoflurane, and partial sciatic nerve injury was produced by tying a tight ligature with 4-0 nylon monofilament (Natsume Seisakusyo, Tokyo) around approximately one half of the diameter of the sciatic nerve located on the left ipsilateral side, as described previously (16, 17) . The sham operation was performed on the right contralateral side of the same animals by exposing the nerve without ligation.
Drug effects were assessed 14 -16 days after the operation. The mechanical paw withdrawal threshold was evaluated using von-Frey monofilaments at the ipsilateral side (pressure: 0.4, 0.6, 1, 1.4, 2, 4, 6, 8, 10, 15, 26 g). Rats exhibiting thresholds of 8 -15 g on the contralateral side and 0.6 -2 g on the ipsilateral side before drug administration were used.
Oxaliplatin model
Rat oxaliplatin-induced peripheral neuropathy was induced as described previously (18) . Briefly, oxaliplatin (2 mg/kg) or vehicle was injected intraperitoneally (i.p.) twice a week for 4 weeks (days 1, 2, 8, 9, 15, 16, 22, and 23). The effects of opioids were assessed 36 days after the first oxaliplatin administration, which is the optimal time for evaluation of chronic mechanical allodynia in this model. Allodynia-like behavior was evaluated using von-Frey monofilaments (pressure: 0.6, 1, 1.4, 2, 4, 6, 8, 10, 15, and 26 g) at both sides of the paws and the values expressed as the sum of the paw withdrawals. The rats exhibiting a threshold change from 8 -15 g before oxaliplatin injection to < 4 g at day 36 of oxaliplatin treatment were used in the experiments.
Motor coordination
Motor coordination was analyzed using a rota-rod test. FBC model animals were individually placed on the apparatus (KN75, Natsume Seisakusyo) rotating constantly at 15 rpm and trained to continue walking on the rod for 2 min. On the next day, mice were again placed on the rotating rod and animals that could keep walking for more than 4 min or a maximum of 5 min were chosen for drug analysis. After drug administration, mice were again placed on the rotating rod, and dropping time was measured for the 5-min duration of the test. Since a few mice jumped away from the rod soon after placing them on the rod, we have excluded those mice and used the mice that could have stayed on the rod for a moment. Results were calculated relative to the FBC saline-control groups.
Statistical analyses
The data are presented as the means ± standard error of the mean (S.E.M). Statistical analyses were performed using GraphPad Prism 4.0 (GraphPad Software, San Diego, CA, USA). The significance of differences among groups was assessed by one-way analysis of variance (ANOVA). Differences between groups were analyzed using a Kruskal-Wallis test and Dunn's multiplecomparison test. Statistical analysis of differences between two groups was carried out with Student's t-test. In all analyses, P < 0.05 was taken to indicate statistical significance.
Anti-nociceptive effects were expressed as pressure values (g) or percentages of the maximal possible effect (MPE). MPE was calculated by (g1 − g0) × 100 / (g2 − g0), where g0 is the mean of the paw withdrawal threshold in the FBC-saline group, g1 is the paw withdrawal threshold of FBC groups treated with drugs, and g2 is the mean of the paw withdrawal threshold in the sham-saline group.
Results
Effects of opioids on the allodynia-like behaviors of FBC model mice
Allodynia-like behaviors were detected at the ipsilateral paws of the FBC model mice at 14 days after tumor implantation with the lowest antinociceptive threshold of von-Frey monofilament (pressure: 0.008 g) as described in our previous study (10) . Using these mice, antinociceptive effects of oxycodone, morphine, tramadol, and tapentadol on allodynia-like behaviors were examined by the von-Frey monofilament test. Within the range of doses that do not induce behavior abnormality, subcutaneous (s.c.) administrations of oxycodone (1 -10 mg/kg, s.c.) and morphine (5 -50 mg/kg, s.c.) recovered the decreased paw withdrawal thresholds dose-dependently after 15 and 30 min, respectively, with maximum paw withdrawal thresholds equipotent to the sham-treated groups (110.82% in 10 mg/kg oxycodone and 80.52% in 50 mg/kg morphine, expressed as a percentages of the MPE) (Fig. 1) . Although tramadol (10 -56 mg/kg, s.c.) and tapentadol (10 -30 mg/kg, s.c.) dose-dependently recovered paw withdrawal thresholds after 30 and 15 min, respectively, the next highest dose Fig. 1 . Anti-nociceptive effects of opioids in the mouse FBC model. Allodynia-like behavior was measured by ipsilateral paw withdrawal using a series of von-Frey monofilaments. *P < 0.05, **P < 0.01 vs. the FBC-saline groups; # P < 0.05, ## P < 0.01 vs. the sham-operated saline groups, n = 4 -9. Each value represents the mean ± S.E.M.
(100 mg/kg tramadol or 56 mg/kg tapentadol) caused behavior abnormality, such as convulsion and jumping which made it difficult to detect the threshold of those doses. Thus, anti-nociceptive thresholds of tramadol and tapentadol were restricted to a lower level than those of the sham-treated groups (46.75% in 56 mg/kg tramadol and 34.41% in 30 mg/kg tapentadol by MPE). These results indicate that within the range of doses that do not induce abnormal behaviors, the dual-acting opioids tramadol and tapentadol possess distinct and restricted potencies compared with those of the MORselective opioids oxycodone and morphine in the FBC model.
Effects of opioids on the motor coordination of FBC model mice
Abnormalities identified at high doses of tramadol and tapentadol in the FBC model were further ascertained and compared with oxycodone and morphine by the rota-rod test, because this test is a major tool to quantify the effects of drugs on behaviors (19, 20) . After 15-and 30-min administrations, respectively, oxycodone (100 mg/kg, s.c.) and morphine (200 mg/kg, s.c.) markedly reduced the locomotor times on the rod compared with FBC saline-treated mice (Fig. 2) . After 30-and 15-min administrations, respectively, tramadol (100 mg/ kg) and tapentadol (56 mg/kg) also significantly reduced locomotor times. These rotating times were normalized to the FBC saline-control groups and expressed as percentages.
The anti-nociceptive doses examined in Fig. 1 were normalized to MPE and added to the line graph in Fig. 2 to compare with the doses used in the rota-rod analyses. The dissociation ratio of anti-nociception and motor coordination was calculated from the ED 80 value of the anti-nociceptive doses and the no-observed-adverse-effect level (NOAEL) dose, respectively. A high NOAEL/ anti-nociceptive dose was detected for oxycodone (10-fold) and morphine (2-fold). For tramadol and tapentadol, the anti-nociceptive doses estimated to exert sham-threshold levels were greater than the doses of NOAEL with a ratio of less than one-fold. Accordingly, the safety margin of the MOR-selective opioids oxycodone and morphine and the dual-acting opioids tramadol and tapentadol are different, suggesting these two groups of opioids have distinct mechanisms of action.
Effects of MOR, a 2 -adrenoceptor, or a 1 -adrenoceptor antagonists on anti-nociception and motor coordination of oxycodone and tapentadol in FBC model mice
In addition to their MOR actions, tramadol and tapentadol induce synaptic NE by inhibiting NET (3, 21, 22) . It has been suggested that the anti-nociceptive effects of tapentadol and tramadol are synergistically regulated by a 2 -adrenoceptors and MORs and highly inhibited by a 2 -adrenoceptor antagonists in several model animals, such as the DPN model and spinal nerve ligation model (3, 14, 23) . To determine whether the anti-nociceptive effects of the dual-acting agonists in our FBC model are mediated by these mechanisms, we compared oxycodone and tapentadol. The opioids were chosen because oxycodone has greater anti-nociception than morphine in this model and tramadol itself does not act on MOR. We examined anti-nociceptive effects in the FBC model by pre-administration of a MOR antagonist (b-FNA, 25 mg/kg, s.c.), an a 2 -adrenoceptor antagonist (yohimbine, 2 mg/kg, s.c.), or an a 1 -adrenoceptor antagonist (prazosin, 1 mg/kg, s.c.). Before the examination, we confirmed that the antagonists themselves had no effects on nociceptive and anti-nociceptive thresholds of the mice (data not shown). The doses of opioids were chosen those for the highest thresholds shown in Fig. 1 (10 mg/kg oxycodone or 30 mg/kg tapentadol, s.c.). After 24 h, 5-and 30-min pre-administration of antagonists, respectively, The anti-nociceptive effect examined in Fig. 1 is shown in the right Y-axis with the line graph expressed as MPE percentage. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the FBC saline-treated groups, n = 5 -9. Each value represents the mean ± S.E.M. the anti-nociceptive effects of oxycodone and tapentadol were significantly reduced in b-FNA pre-treated mice (89.76% or 84.22% reduction in oxycodone or tapentadol, respectively, vs. saline-control group), whereas no effects of yohimbine and prazosin were detected compared with saline-control animals examined at the same timing for each antagonist (Fig. 3A) . Therefore, these results suggested the anti-nociceptive effects of oxycodone and tapentadol are regulated by MOR activation.
Again using oxycodone and tapentadol, we examined the mediating factors that induce motor coordination dysfunction using doses determined in Fig. 2 (100 mg/kg oxycodone or 56 mg/kg tapentadol, s.c.). After 24-h, 5-min, and 30-min pre-administration of antagonists, respectively, motor impairment of oxycodone was reduced significantly by b-FNA (25 mg/kg, s.c.) but not by yohimbine (2 mg/kg, s.c.) and prazosin (1 mg/kg, s.c.) (Fig. 3B) . In contrast, impaired coordination of tapentadol was partially recovered by b-FNA (20.84% improvement vs. saline-control group) and prazosin (28.12% improvement vs. saline-control group), while the statistical significance was not detected in both antagonists (Fig. 3B) . Similar to oxycodone, yohimbine showed no effect (Fig. 3B ). According to these results, the factors that mediate motor impairment seemed different between selective MOR agonists and dualacting opioids.
Effects of oxycodone and tapentadol on the allodynialike behaviors of two neuropathic pain models
Although several opioids such as oxycodone have been well characterized for the treatment of neuropathic pain, it has been reported that neuropathic pain is more difficult to treat with opioids compared to nociceptive and inflammatory pain in clinical and non-clinical settings (10, 24, 25) . In the FBC model, tapentadol had a lesser effect on allodynia-like behaviors (Fig. 1) . Thus, we focused on neuropathy and examined the anti-nociceptive effects of tapentadol and oxycodone using specific neuropathic pain models. We chose the pSNL model rats because it is a well-characterized specific neuropathic pain model with no reports on the effects of tapentadol.
We first examined the effective doses of oxycodone and tapentadol because rats may have different sensitivity to opioids than mice (2, 26) . Within the range of doses that does not induce sedation, s.c. administrations of oxycodone (0.2 -1 mg/kg) and tapentadol (0.5 -5 mg/kg) dose-dependently and significantly recovered the decreased paw withdrawal thresholds of pSNL model rats after 15-and 30-min administrations, respectively, with maximal thresholds equipotent as the sham-treated paws (70.15% in 1 mg/kg oxycodone and 67.79% in 5 mg/kg tapentadol by MPE) (Fig. 4A) . We next examined the components involved in the anti-nociceptive mechanisms. The 24-h pre-administration of 25 mg/kg b-FNA (s.c.) significantly and completely decreased paw withdrawal thresholds in both the oxycodone (1 mg/kg, s.c.) and tapentadol (5 mg/kg, s.c.) groups (76.79% or 78.15% reduction in oxycodone or tapentadol, respectively, vs saline-control group). Although yohimbine is reported to decrease anti-nociception of tapentadol in some pain models, 2 mg/kg (s.c.) pre-administration had no effect on both agonists. These results indicate that oxycodone and tapentadol possess similar profiles mediated by MORs in the pSNL neuropathic pain model (Fig. 4B) .
We also used the oxaliplatin neuropathic pain model rats to examine the anti-nociceptive effects of oxycodone and tapentadol using the von-Frey test. Subcutaneous administrations of oxycodone (0.1 -1 mg/kg), which did not induce sedation, dose-dependently recovered the decreased paw withdrawal thresholds after 15 min of administration and the maximal paw withdrawal thresholds were equipotent to those of the sham-treated group (83.64% or 132.24% in 0.56 or 1 mg/kg oxycodone respectively, by MPE) (Fig. 5A) . In contrast, although the highest dose of tapentadol (5 mg/kg) recovered paw withdrawal threshold after 30-min administration compared with the oxaliplatin-saline group, those thresholds were lower than that of the sham-saline group (53.27% in 5 mg/kg tapentadol by MPE). Since more than 5 mg/kg induced sedation, the anti-nociceptive effect of tapentadol was found to be lower than that of oxycodone within the range of doses without abnormal behavior in this model.
The mechanisms involved in anti-nociception of these opioids were also compared in the oxaliplatin model rats. The 24-h pre-administration of b-FNA (10 mg/kg, s.c.) significantly decreased the paw withdrawal thresholds of oxycodone (0.56 mg/kg, s.c.) and tapentadol (5 mg/kg, s.c.) (71.39% or 53.45% reduction in oxycodone or tapentadol, respectively). In addition, although pre-administration of yohimbine (2 mg/kg, s.c.) Fig. 4 . Anti-nociceptive effects of oxycodone and tapentadol on allodynia-like behaviors in the rat partial spinal nerve ligation (pSNL) model. A) Dose-response effects, n = 10 -14. B) Effects of a MOR antagonist (b-FNA) or a2-adrenoceptor antagonist (yohimbine) on the anti-nociceptive effect of the agonists, n = 8. Allodynia-like behavior was measured by ipsilateral paw withdrawal using a series of von-Frey monofilaments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. pSNL-saline groups; # P < 0.05, ### P < 0.001 vs. the sham-operated saline groups. † † † P < 0.001 vs. the saline-controlled groups for each antagonist. Each value represents the mean ± S.E.M. modestly decreased the threshold of oxycodone, it markedly decreased that of tapentadol (19.55% or 43.74% reduction in oxycodone or tapentadol, respectively) (Fig. 5B) . These results indicate that oxycodone and tapentadol possess distinct anti-nociceptive profiles with different levels of efficacy and different antinociceptive mechanisms.
Based on the results from these two models, the potency of the dual-acting opioid in the oxaliplatin model was similar to that in the FBC model. However, in the pSNL model the dual-acting opioid had greater potency, indicating that the potency of the dual-acting opioids might change with the type of pain. Therefore, the lower potency of the dual-acting opioids observed in the FBC model was not due to decreased anti-nociception in neuropathic pain.
Discussion
In this study, we used a FBC model of bone cancer pain to examine whether the NET inhibiting activity of the dual-acting opioids (tramadol and tapentadol) affect antinociception of MOR by comparing their potency with the clinically used MOR-selective opioids (oxycodone and morphine). Although we found potent anti-nociceptive effects in MOR-selective opioids with similar thresholds to the sham-treated groups, the thresholds of dual-acting opioids were lower. In addition, a difference in abnormal behaviors in the FBC model was detected at the antinociceptive doses of MOR-selective and dual-acting opioids, which may be caused by differences in NET inhibition.
Rota-rod studies have revealed that the safety margins of oxycodone and morphine are wider than those of tramadol and tapentadol. We identified the distinct mechanism involved in abnormal behaviors of these agonists since the MOR antagonist fully recovered the rotating time of oxycodone-treated animals, while not only the MOR antagonist but also the a 1 -adrenoceptor antagonist partially and similarly recovered the rotating time in tapentadol-treated animals. We assumed that the narrow safety margin of the dual-acting agonists might be caused by additional effect of NET inhibition, which increases synaptic NE to activate a 1 -adrenoceptors and influence motor activities. In support of this, it has been reported that a 1 -adrenoceptor, but not a 2 -adrenoceptor, agonists induce motor and autonomic disturbances (27, 28) . In addition, microdialysis studies have shown that tapentadol and tramadol increase NE release at synapses, whereas morphine decreases basal NE release at spinal and supraspinal sites (3, 19, 22, 29) . Although no reports on oxycodone are available, it seems that the contribution of the a 1 -adrenoceptor-mediated pathway to motor function differs between MOR-selective and dual-acting opioids.
In studies of the anti-nociceptive mechanisms in the FBC model, we found that tapentadol-induced antinociception is mediated by MOR activation. This may indicate that NET inhibiting function does not contribute to tapentadol-induced anti-nociception in this model. In contrast to our results, it was reported previously that anti-nociception of tapentadol was caused by the synergistic or additive actions of MOR and a 2 -adrenoceptor activation in several models of neuropathic, nociceptive, and inflammatory pain (3, 12, 23) . Therefore, we confirmed whether the direct activation of a 2 -adrenoceptors by clonidine could induce anti-nociception in the FBC model. We found that a dose of clonidine that was effective on the tail-flick test (0.3 mg/kg, s.c.) caused only a slight anti-nociceptive effect in the FBC model with no significant difference compared to the saline-treated groups (30) , which indicated the low antinociceptive potency of the a 2 -adrenoceptor-mediated pathways. We should note that 0.5 mg/kg clonidine caused a significant drop from the rota-rod (data not shown), similar to was has been described in normal mice (31) . Accordingly, a pathway that inhibits NET appears insufficient to contribute to anti-nociception in the FBC model.
In studies focusing on MOR activity, the differences in agonist potencies between MOR-selective opioids and dual-acting opioids might be due to changes in MOR expression in the FBC model and the degree of agonist activities. Compared with sham controls, we have determined previously that the expression of MORs on the cell membrane in the FBC model was reduced by approximately 30%, determined by B max of 3 H DAMGO binding, without affecting the K d in pain-related regions (32) . In addition, it has been reported that the agonist activity of partial agonists was reduced more by a change in the number of receptors compared to that of full agonists (33, 34) . Although the agonist activities of the opioids examined here were not compared directly, a previous report showed that the maximum responses of oxycodone and morphine were similar with more than 95% in 35 SGTPgS binding relative to that obtained for DAMGO (35) . In contrast, tapentadol and the M1 metabolite of tramadol exhibit lower maximum responses than morphine (3, 36) . In these respects, tapentadol and the M1 metabolite of tramadol are assumed to be partial agonists for MOR compared with oxycodone and morphine, which are full agonists for MOR. Thus, a reduction of the receptor levels in the FBC model would be expected to influence their potencies for MOR activation.
It has been reported that tapentadol synergistically exhibit its anti-nociceptive effect primarily via MOR in a tail-flick test and a complete Freund's adjuvant (CFA) model, whereas it synergistically exhibited its antinociceptive effect primarily via a 2 -adrenoceptors in the DPN, carrageenan, and spinal nerve ligation models (3, 12, 14, 23) . With our results in the pSNL and oxaliplatin models, it was assumed that tapentadol had different anti-nociceptive potencies, as well as anti-nociceptive mechanisms, dependent on the pain model used in the study. The differences in NET inhibition may be related to differences in NE content in these models. For example, our preliminary data by high-performance liquid chromatography (HPLC) has shown that NE content in the dorsal horn is down-regulated 60% in the pSNL model at the time of our anti-nociceptive examination 14 days after surgery (data not shown). In the spinal nerve ligation model, however, NE in the spinal dorsal horn increased 126% 10 days after surgery (37) . Furthermore, a recent study showed that systemic administration of tapentadol elevated cerebral spinal fluid NE in sham and spinal nerve ligated animals, and NE remained elevated for 90 min in the spinal nerve ligated animals only, suggesting sensitization of the NE neurons in this model (29) . Even though NE was not examined in all related pain models, differences in NE content might influence the level of NE and NET inhibition; in the pSNL, low NE might be insufficient for NE release and leads to less NET inhibition. Based on these ideas, further studies are needed to determine why tapentadol contributes differently to MOR and NET inhibition in different pain models.
In conclusion, although the dual-acting opioids may have potency for some neuropathic and inflammatory pain conditions, we found that they have low potency against bone cancer pain. This might be caused by the lack of a contribution by the a 2 -adrenoceptor-mediated pathway to anti-nociception, although the a 1 -adrenoceptor may be involved in motor impairment. Therefore, we conclude that the additional effect of NET inhibition on MOR activation by the dual-acting opioids does not contribute to anti-nociception in bone cancer pain. Although we should further consider these dual-acting opioids for their potency in other cancer pain conditions, these studies may offer one of the pharmacological characterizations of the dual acting opioids.
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